We report our results on InGaNAs/GaAs vertical-cavity surface-emitting lasers (VCSELs) in the 1.3 µm range. The epitaxial structures were grown on (1 0 0) GaAs substrates by metalorganic chemical vapour deposition (MOCVD) or molecular beam epitaxy (MBE). The nitrogen composition of the InGa(N)As/GaAs quantum-well (QW) active region is 0-0.02. The long-wavelength (up to 1.3 µm) room-temperature continuous-wave (RT CW) lasing operation was achieved for MBE-and MOCVD-grown VCSELs. For MOCVD-grown devices with n-and p-doped distributed Bragg reflectors (DBRs), a maximum optical output power of 0.74 mW was measured for In 0.36 Ga 0.64 N 0.006 As 0.994 /GaAs VCSELs. A very low J th of 2.55 kA cm −2 was obtained for the InGaNAs/GaAs VCSELs. The MBE-grown devices were made with an intracavity structure. Top-emitting multi-mode 1.3 µm In 0.35 Ga 0.65 N 0.02 As 0.98 /GaAs VCSELs with 1 mW output power have been achieved under RT CW operation. A J th of 1.52 kA cm −2 has been obtained for the MBE-grown In 0.35 Ga 0.65 N 0.02 As 0.98 /GaAs VCSELs, which is the lowest threshold current density reported. The emission characteristics of the InGaNAs/GaAs VCSELs were measured and analysed.
Introduction
Vertical-cavity surface-emitting lasers (VCSELs) are attractive low-cost light emitters for fibre-optic communications. The advantages of VCSELs include lower threshold current, smaller beam divergence angle, higher optical fibre coupling efficiency and on-wafer testability, as compared to edgeemitting lasers. AlGaAs/GaAs VCSELs and VCSEL-based transceivers operating at 850 nm have been implemented in gigabit ethernet (GbE) and fibre channel links. These VCSELs have a shorter transmission distance of about 500 m over multimode fibres. For longer transmission distances (>1 km), 1.3 and 1.55 µm Fabry-Perot (FP) and distributed feedback (DFB) lasers are commonly used because of lower dispersion in the optical fibre. VCSELs operating at the 1.3-1.55 µm range have the potential for both short-and long-reach fibre-optic communications. Other applications may include sensing and optical interconnects. A number of material systems have been studied, including InAs quantum dots [1] , wafer-fused InGaAsP-InP [2, 3] , InAlGaAs/InP [4] and GaAsSb/GaAs VCSELs [5] . InGaNAs material systems grown on GaAs substrates have drawn a lot of attention because they can achieve light emission in the 1.3 µm range [6] . In addition, epitaxially grown AlGaAs/GaAs distributed Bragg reflectors can be used as reflecting mirrors for the GaAs-based VCSELs. Compared to that of the 980 nm In 0.2 Ga 0.8 As/GaAs VCSELs, the InGaNAs/GaAs VCSELs can lase with longer emission wavelengths by incorporating higher indium composition and nitrogen in the QW active region during growth. High-performance InGaAs and InGaNAs edge-emitting Fabry-Perot lasers have also been demonstrated [7] [8] [9] [10] . The InGaNAs lasers showed better temperature stability than that of the InP-based lasers [11] . Moreover, a number of InGaNAs VCSEL results have been reported very recently [12] [13] [14] . In this work, we have made InGaNAs/GaAs and InGaAs/GaAs VCSELs for fibre-optic applications in the 1.3 µm range. Two approaches have been investigated. One approach is the devices made with the conventional top-emitting structure, while the other approach is the devices made with the intracavity-contacted structure. The epitaxial layers were monolithically grown on (1 0 0) GaAs substrates either by metalorganic chemical vapour deposition (MOCVD) or by molecular beam epitaxy (MBE). The devices have demonstrated a maximum optical output power of over 1 mW, with a low threshold current density of 1.53 kA cm −2 at 1.3 µm. The emission characteristics of the InGaAs and InGaNAs VCSELs were measured and analysed.
Epitaxial growth and device fabrication

MOCVD-grown InGaAs and InGaNAs VCSELs
The epitaxial layers of the InGaNAs/GaAs and InGaAs/GaAs VCSELs were grown on two-inch (1 0 0) n + -GaAs substrates by an AIXTRON 200 MOCVD system. The gas sources include trimethylgallium (TMGa), trimethylaluminium (TMAl), trimethylindium (TMIn), dimethylhydrazine (DMHy) and tertiarybutylarsine (TBA). The epitaxial structure is the following (from bottom to top): a n + -GaAs buffer, a 40.5-pair n + -Al 0.9 Ga 0.1 As/n + -GaAs (Si-doped) distributed Bragg reflector (DBR), an undoped InGaN y As 1-y /GaAs active region, a p-Al 0.98 Ga 0.02 As oxidation layer, a 25-pair p + -Al 0.9 Ga 0.1 As/p + -GaAs DBR (carbon doped) and a p + -GaAs (carbon doped) contact layer. The graded-index separate confinement heterostructure (GRINSCH) active region mainly consists of two undoped InGaN y As 1-y /GaAs (0 y 0.01) quantum wells embedded between two linear-graded undoped Al x Ga 1-x As (x = 0-0.6 and x = 0.6-0) confinement layers. The thickness of the InGaN y As 1-y well layer is 6-7 nm. The total thickness of the cavity active region is 1λ. The p-type and n-type distributed Bragg reflectors (DBRs) of the VCSEL consist of alternating Al 0.9 Ga 0.1 As/GaAs quarter-wave (λ/4) stacks. Carbon was used as the p-type dopant in the DBR to obtain higher carrier concentration (2-3 × 10 18 cm −3 ), in order to reduce the series resistance of the p-DBR layers. The interfaces of both the p-type and n-type Al 0.9 Ga 0.1 As/GaAs DBR layers are linearly graded, also to reduce the series resistance. The reflectance spectra of the grown VCSEL wafers were also measured. The cavity resonance was in the 1100-1300 nm range, depending on the composition of indium and nitrogen in the active region of each grown wafer. The composition of the grown layer was estimated from the rocking curve of the x-ray diffraction (XRD) spectrum. Photoluminescence (PL) measurements were done by using a Bio-Rad mapping system. The PL emission peaks of the grown InGaNAs/GaAs VCSEL epiwafers were from 1150 to 1270 nm. As shown in figure 1, the typical PL peak emission wavelengths (λ p ) of the two grown In 0.36 Ga 0.64 As/GaAs and In 0.36 Ga 0.64 N 0.006 As 0.994 /GaAs QW VCSEL epi-wafers are 1150 and 1260 nm, respectively. The peak emission wavelength difference is 112 nm. Compared to the In 0.36 Ga 0.64 As VCSELs, the In 0.36 Ga 0.64 N 0.006 As 0.994 VCSEL epi-layers emit with longer PL wavelength, but with lower PL intensity. The full-width half maximum (FWHM) of the PL emission peak is larger. PL measurements of all the InGaNAs VCSEL wafers also showed that with higher nitrogen content in the InGaNAs QWs, the PL peak wavelength was longer, and the PL intensity was lower. This trend may be due to more alloy scattering in the quaternary InGaNAs layers than in the ternary InGaAs layers in the active region.
The top-emitting VCSEL fabrication processes are described as follows. Firstly, a mesa was formed by using a reactive ion etch (RIE). Then, selective oxidation was performed at 425 • C in an oxidation furnace under nitrogen flow with steam. The oxide aperture size was about 8-25 µm in diameter. The p-Ohmic contacts, which defined the lightemitting windows, were formed by evaporating Ti/Pt/Au. After that, the AuGe/Ni/Au n-Ohmic was formed at the backside of the substrate. The pad metal was then evaporated to facilitate probing and bonding. The schematic diagram of the In 0.36 Ga 0.64 N 0.006 As 0.994 /GaAs VCSEL is shown in figure 2 
MBE-grown intracavity-contacted InGaNAs VCSELs
The intracavity VCSEL structures were grown by a Riber Epineat MBE system with a Uni-Bulb RF plasma source to generate reactive nitrogen from ultra-pure N 2 gas. The intracavity p + -i-n + structure design was chosen to avoid free carrier absorption in p-doped DBRs. The DBR layers were undoped-AlGaAs/undoped-GaAs pairs. The active region consists of two 6 nm/12 nm In 0.35 Ga 0.65 N 0.02 As 0.98 /GaAs QWs. The growth temperature of the active region was 420 • C to avoid phase separation effects. After growing a 55 nm Al 0.98 Ga 0.02 As current-confinement aperture layer, the wafer was in situ annealed at 750 • C for 10 min to remove point defects formed in the active region during low temperature growth. The total cavity thickness was 5λ (1888 nm), including an undoped 1-λ (377.6 nm) GaAs layer with InGaNAs/GaAs double QWs. p + -GaAs and n + -GaAs contact layers were grown on top and bottom of the active region, respectively. Beryllium and silicon were used as pand n-type dopants for the contact layers. Three heavily Be-doped p + -GaAs layers were located at the minima of the optical field in the p + -GaAs contact layers to reduce the series resistance and to improve the current spreading uniformity. The top and bottom mirrors consist of 25 and 33 pairs of undoped-Al 0.9 Ga 0.1 As/undoped-GaAs quarter-wave stacks, respectively. The epitaxial layers were grown on semiinsulating (1 0 0) GaAs substrates.
The intracavity-contacted VCSELs were made with double-mesa processes. Firstly, the top and bottom mesas were formed by using RIE and selective wet chemical etch, so that the etched surfaces for p-type and n-type Ohmic contacts stopped at the p + -and n + -GaAs contact layers, respectively. Next, the device aperture was defined by wet oxidation. Then, p-type and n-type Ohmic contacts were formed on the p +and n + -GaAs contact layers by electron beam evaporation and annealing. After that, the devices were passivated by SiO 2 . The pad metal was evaporated to facilitate probing and bonding. The device structure is shown schematically in figure 3.
Results and discussions
MOCVD-grown InGaAs and InGaNAs VCSELs
The lasing wavelength and optical power distribution were measured by a wafer-scale probing. The spectra of the InGaAs/GaAs and InGaNAs/GaAs VCSELs were measured by an Advantest Q8381A optical spectrum analyser. These devices showed multiple transverse mode characteristics. The InGaAs/GaAs VCSELs showed lasing wavelengths ranging from 1160 to 1250 nm, while the InGaNAs/GaAs VCSELs showed lasing wavelengths ranging from 1210 to 1310 nm. The InGaNAs VCSELs emit at longer wavelengths than the InGaAs VCSELs for devices with the same indium and gallium contents in the QWs.
The room-temperature (RT) optical power versus current (L-I) characteristics and optical spectrum (inset) of the In 0.36 Ga 0.64 As/GaAs VCSEL (wafer 0313) are shown in figure 4 .
The oxide apertures of these devices are approximately 22 µm. The threshold currents (I th ) are approximately 1.5 mA, which are converted to very low threshold current densities (J th ) of 395 A cm −2 .
The peak emission wavelength (inset) is 1180 nm. The slope efficiency of the L-I curves is approximately 0.05 W A −1 . A maximum continuous-wave (CW) optical power of 1.53 mW was measured at room temperature. The output power rollover occurs as the current increases beyond 37-45 mA. The overall emission peak wavelengths of devices on the wafer (wafer 0313) are 1160-1180 nm at 12 mA. The higher indium content of the InGaAs QWs can lead to smaller bandgap, and therefore longer lasing wavelengths. By increasing the indium content in the InGaAs QWs to 0.39 (wafer 1111), a peak lasing wavelength of 1250 nm can be achieved (shown in figure 5 ). The PL emission wavelength for wafer 1111 is 1180 nm. The cavity resonance obtained from the reflectance measurement is 1250 nm. Despite that the large detuning between PL/gain peak and cavity resonance is about 70 nm; the InGaAs VCSELs were able to lase up to 1250 nm. For InGaAs VCSELs, the optical power decreases with increasing indium content in the QWs. This trend may be due to very high strain in the QWs that degrade the output power of the devices.
The room-temperature L-I characteristics of the In 0.36 Ga 0.64 N 0.006 As 0.994 /GaAs VCSELs (wafer 0319) are shown in figure 6 . The oxide apertures of the devices are 10 µm in diameter. The threshold currents of these devices are approximately 4.5 mA, which are converted to threshold current densities, J th , of approximately 5.7 kA cm 2 . This J th value, compared to those of the InGaAs VCSELs, is higher corresponding to a lower PL intensity of the grown InGaNAs VCSEL wafer. The peak emission wavelengths of these devices on this wafer (wafer 0319) were 1190-1230 nm. As shown in figure 6 , a maximum CW optical output power of 0.68 mW was measured at 19 mA. The slope efficiency is approximately 0.065 W A −1 . The differential series resistances of the devices are low, approximately 58 at 10 mA, with a threshold voltage of 1.0 V. A maximum optical output power of 0.74 mW was measured by a waferscale probing. The room-temperature L-I characteristics and optical spectrum (inset) of the In 0.36 Ga 0.64 N y As 1-y /GaAs VCSELs (on wafer 0328) are shown in figure 7 . The nitrogen composition (y) is estimated to be approximately 0.0065. The threshold currents of these devices are 3.1-3.7 mA, which are converted to threshold current densities of 4.0-4.7 kA cm −2 . The optical power rollovers occur approximately at 13-15 mA, with a maximum power of 0.44 mW. The peak emission wavelength is 1240 nm at 10 mA. The photograph of a lasing InGaNAs VCSEL (on wafer 0328) probed at 4 mA is shown in figure 8 . Figure 9 shows the temperaturedependent L-I characteristics of an InGaNAs/GaAs VCSEL threshold current density, J th , is approximately 2.55 kA cm −2 at 20, with a maximum optical power of 0.55 mW. This J th is one of the lowest threshold current densities measured [12] [13] [14] 16] . A maximum lasing wavelength of 1310 nm was measured for the In 0.36 Ga 0.64 N 0.007 As 0.993 /GaAs VCSELs (wafer 0428) by using a wafer-scale probing of the devices. The L-I characteristics and optical spectrum (inset) of the In 0.36 Ga 0.64 N 0.007 As 0.993 /GaAs VCSEL are shown in figure 10 . The peak emission wavelengths are 1299-1303 nm at 12 mA. The threshold currents are approximately 2.7 mA, which are converted to threshold current densities of approximately 3.44 kA cm −2 for 10 µm aperture devices. In summary, CW lasing operations have been demonstrated for the InGaAs/GaAs and InGaNAs/GaAs VCSELs at room temperature up to 1303 nm. The devices show multiple transverse mode characteristics. For most devices, higher optical output power can be achieved with shorter lasing wavelengths. Higher indium or nitrogen contents in the InGaAs/GaAs and InGaNAs/GaAs QWs of the VCSELs result in longer emission wavelengths. More indium content in the QWs also leads to higher strain, which may degrade the output power of the devices. Figure 11 shows optical power-current-voltage curves of VCSEL with an 18 µm aperture. The near-field pattern and optical spectrum (insets) of the device driven above I th are also shown. The peak lasing wavelength is 1304 nm. The threshold current (I th ) is 4 mA with a forward voltage of 2.5 V. The threshold current density is 1.58 kA cm −2 , which is the lowest value reported for InGaAsN/GaAs QW VCSELs. achieved. In spite of high quality of the active region, the device performance is limited by the thermal heating effect. We believe that significant improvement in the VCSEL performance can be done by further optimization of the VCSEL structure design and the processing procedure.
MBE-grown intracavity-contacted InGaNAs VCSELs
The temperature dependence of the threshold current is shown in figure 13 . CW operation is maintained up to 50 • C. The minimum threshold current obtained by extrapolation is well below room temperature. This indicates the nonoptimal detuning of gain peak and cavity resonance. Thus, minimizing the detuning of the gain peak and cavity resonance can result in longer emission wavelength, higher output power and better high-temperature performance in future devices.
Comparison of the MOCVD-and MBE-grown InGaNAs VCSELs
For the MOCVD-grown InGaAs VCSELs, the output power decreases with increasing indium content in the QWs. This is mainly because of the increasing strain in the QWs that degrades the epitaxial layer quality and the output power of the devices. The lasing wavelength was up to 1250 nm for the In x Ga 1-x As VCSELs with x = 0.39. For both our In x Ga 1-x As and In x Ga 1-x NAs VCSELs, the lattice mismatches are higher, 2.51% for x = 0.35 and 2.87% for x = 0.40. The critical thickness of the In x Ga 1-x As layer on GaAs is 67Å for x = 0.35 and is 56Å for x = 0.40, by using a theoretical calculation [15] . To achieve longer laser emission wavelength in the 1.3 µm range, thicker InGaAs or InGaNAs quantum well layers beyond the theoretical critical thickness were grown. The growth of a high quality InGaNAs layer is an important issue; the overall PL intensity of the MOCVDgrown InGaNAs VCSEL wafer is lower than that of the InGaAs wafers (shown in figure 1 ). To avoid more problems from the strain, the In x Ga 1-x NAs layers were grown with x = 0.36, while the nitrogen content varied from 0.006 to 0.007. The MOCVD-grown InGaNAs VCSELs were able to lase up to 1310 nm, but with lower output power. This indicates the point defects in the QW layers due to the incorporation of nitrogen, which dominate the device properties. For the MBEgrown InGaNAs VCSEL wafer, an additional high temperature annealing under arsenic overpressure was made to remove the point defects in the QW layers during low temperature growth. For longer lasing wavelengths near 1.3 µm, the output powers of the MOCVD-grown VCSELs are lower than those of the MBE-grown devices, which may also be due to free carrier absorption in the heavily p-type doped DBR layers. Moreover, strain-compensated InGaNAs/GaAsP QWs could be another approach to solve the strain problem of the device [9] .
Conclusion
In conclusion, continuous-wave lasing operations of InGaNAs/GaAs and InGaAs/GaAs VCSELs in the 1.3 µm range have been demonstrated at room temperature. The epitaxial layers were grown by MOCVD and MBE. For MOCVD-grown devices with doped DBRs, maximum optical powers of 1.5 and 0.74 mW have been measured for the InGaAs/GaAs and InGaNAs/GaAs VCSELs, respectively. A very low J th of 2.55 kA cm −2 was obtained for the InGaNAs/GaAs VCSELs. MBE-grown 1.3 µm intracavitycontacted InGaNAs/GaAs VCSELs with 1 mW output power were demonstrated. A J th of 1.52 kA cm −2 has been obtained for the MBE-grown In 0.35 Ga 0.65 N 0.02 As 0.98 /GaAs VCSELs, which is the lowest threshold current density reported. These InGaAs and InGaNAs VCSELs are suitable for fibre-optic applications. Future improvement of the devices can be made by minimizing the detuning of cavity resonance and the gain peak.
